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Available online 29 May 2016Cultivation ofmammalian cells for the generation of therapeutics requires the use of cell culturemediawhich is a
deﬁned mixture of nutrients including carbohydrates, amino acids, lipids, vitamins, and inorganic salts. Its com-
position inﬂuences the cell density, yield, and quality of the molecule expressed. These chemically deﬁned cell
culturemedia aremanufactured as powders since they offer advantages of storage, handling and stability. To pre-
vent de-mixing of the powders andmaintain homogeneity, these powders are milled down to small particle size
ranges. However, this small particle size allows for inter-particle forces to impact powder ﬂow properties, and
decreases the surface area available to dissolution. Hence a method is required that improves these powder
parameters, without altering their composition. A deeper understanding of the dissolution mechanism of multi-
component mixtures like cell culture media is also needed. Here, cell culture media granules, generated from ho-
mogeneous powders by roller compaction are evaluated. The granulation process did not alter the composition of
the media and properties of solutions generated thereof. The analysis and comparison of the dissolution proﬁle of
powder and compacted media enabled the calculation of the actual surface area available to dissolution. The im-
provement in granule dissolution can be attributed to dispersion and disintegration of the granules onwetting in-
creasing available surface area. Decrease in inter-particle forces in granules also improves ﬂow-ability properties.
Surface character and pores on the granules further augments the improvement in dissolution.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
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The cultivation ofmammalian cells in the production of peptides and
protein therapeutics for the treatment of various diseases including
cancers, diabetes, and auto immune diseases requires the use of cell cul-
ture media (CCM) [1,2]. These CCM include carbohydrates, amino acids,
vitamins, fatty acids, and inorganic salts. Whereas earlier mammalian
cell cultivation was supported by serum, chemically deﬁned media
(CDM) with known chemical identity of all ingredients are currently
used. The achievable cell density, titer, metabolism and culture duration
is dependent on the compositions of cell culture media [3]. For the pre-
dominantly used Chinese hamster ovary (CHO) cells, research shows
that individual components of mammalian cell culture media (CCM),
even in trace amounts, inﬂuence the post translational modiﬁcationsmically deﬁned media; CHO,
M, Focused Beam Reﬂectance
ctroscopy; mAb, Monoclonal
mance liquid chromatography;
50, 64293 Darmstadt, Germany.
.com (A. Salazar).
. This is an open access article undercrucial to the function of the recombinant proteins produced [4–6]. The
formulation of thesemedia is done in small scale in liquid using stock so-
lution of ingredients. However, for its use in large scale, media are gener-
ated by dissolving and ﬁlter sterilizing a mixture of all the ingredients in
the form of, ideally, a single powder. Powdered CCM offer increased sta-
bility during storage and therefore preferred. Dry powder cell culture
media (DPM) used in large scale processes needs to be easy to handle,
and should dissolve quickly. In these large scale setups, CCM solutions
are often heated or subject to drastic pH changes to increase the powder
dissolution rate which can detrimental to, heat labile and pH sensitive
components such as riboﬂavin [7–9]. To maintain homogeneity of CCM
and to maximize solvent accessible surface area during dissolution,
CCM ismilled to a small particle size range. This can be counterproductive
since, ﬁne CCMpowders aremore prone to inﬂuence inter-particle forces
[10,11]. These forces cause formation of agglomerates in aqueous
solvents, limiting the available surface area for dissolution. Therefore,
the available surface area differs from the total particle surface area in
powdered CCM.
In this study, compacted CCM generated by roller compaction of
homogeneous CCM powders are evaluated. Additives are not used in
the compaction of CCM. The compaction process was found to have nothe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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alter the cellular performance. The composition of the media remains
unaltered allowing for the comparison of CCM powder and granule dis-
solution. Compacted CCM were capable of overcoming inter-particle
adhesion forces resulting in improvement of solid ﬂow properties and
increase in the solvent accessible surface area. The dissolution of gran-
ules was further increased by their rough surface character and worm
holing effects caused by the presence of pores. Analysis of the dissolu-
tion proﬁle of granules and comparison to their corresponding powder,
supplemented with surface area measurements, allows the evaluation
of the available surface area of a powder during dissolution.
2. Material & methods
2.1. Cell culture media
Merck Life science proprietary Cellvento™CHO 210 media and
Cellvento™Feed 210 was used in this study, hence forth referred to as
CHO210 and Feed210 respectively. CHO210 is a cell culture media and
Feed210 is a cell culture feed designed for fed batch cultivation of CHO
cells. The compactionwas performedusing a RC-100 (Powtec, Germany)
roller compactor.
2.2. Fine residual analysis
An online Aerosol spectrometer (GRIMM, Germany) was used to
measure the dust generated in the transfer of cell culture media to a
DasGip DS0700TPSS bioreactor (DasGip, Eppendorf, Germany) in a con-
trolled environment. A mass equal of 23.13 g for CHO210 media and
81.60 g for Feed210 was used. This corresponds to the mass required
to generate working concentrations of these media. Measurements
were made every 6 s for a total of 300 s. The cell culture media (powder
or compacted media) was transferred manually after 40 s. The baseline
was subtracted from the reading for each run. Measurements were per-
formed in six replicates. The ﬁne dust particles measured in this system
was correlated with the free particles not incorporated into CCM
granules.
2.3. Characterization CCM solids
Friability was determined using a TAR friability tester (Erweka,
Germany) according to US pharmacopeia guidelines [12].Water content
was determined by Karl-Fischer titration using a Karl Fischer Titrator
(Metrohm, Switzerland). Particle size analysis and speciﬁc surface was
determined by laser diffraction analysis with a Mastersizer3000
(Malvern, UK). Bulk and tab densitywas determinedwith a TappedDen-
sity Tester JV1000 (Antech, Ireland) and Carr index (100(1− ρb/ρt))was
calculated from these values. Since Hausner ratio (ρt/ρb) can be calculat-
ed from Carr Index, only Carr index is reported. Based on database data
(not shown) the values were categorized. The dynamic avalanche
angle and break energy was measured using a Revolution Powder Ana-
lyzer (Mercury Scientiﬁc Inc., USA). Dynamic avalanche anglewas deter-
mined as maximum angle achieved before avalanche occurrence and
break energy was determined as the difference of the maximum and
minimum possible energy of a sample given its mass and volume. All
measurements were performed in quadruplicates.
2.4. Detection of amino acids and vitamins
The amino acid analysis was performed using a pre-column derivati-
zation employing the AccQ Tag® Ultrareagent kit (Waters, USA). Deriv-
atization, chromatography and data analysis were performed according
to the supplier recommendations (Waters, USA). Vitaminswere quanti-
ﬁed by using an LC-MS method. All measurements were performed in
triplicates.2.5. Characterization of solutions of CCM
For determination of pH a SevenMulti pH meter (Mettler Toledo,
Switzerland) was used, osmolality was measured with an Osmomat
030 (Gonotec, Germany). Color of solutions of CHO210 and Feed210
was evaluatedwith a Color Flex EZ (Hunterlab, USA) using the lightness
value. All measurements were performed in quadruplicates.
2.6. Surface and pore characterization
Scanning electron microscopy (SEM) was performed using a LEO
1530 Gemini instrument (Carl Zeiss, Germany) as per manufacturer
instructions. Mercury intrusion porosimetry was performed with a
Quantachrome Poremaster (Quantachrome Instruments, USA). The
modal volume, surface area, and pore number fraction was determined.
The data were analyzed using Quantachrome Poremaster for Windows
version 8.0. Mercury volume was normalized by sample weight.
2.7. Fed batch cell culture experiments
Fed batch experiments were conducted in 50 mL shake tubes, with
feeding every second or third day. The CHO DG44 clone expressing
human monoclonal antibody (mAb) was grown in CHO210 media,
and fed Feed210. The starting culture volumewas 30mL and the culture
conditions were maintained at 37 °C, 5% CO2, 80% humidity and
agitation at 320 rpm. Experimental conditions were performed as
quadruplicates.
2.8. Online dissolution analysis
DasGip DS0700TPSS bioreactor (DasGip, Eppendorf, Germany) with
two Rushton impeller rotating at 380 rpmwas used in this study. Tem-
perature was maintained at 30 °C. Conductivity, pH and redox potential
were measured with a conductivitymeasuring cell with 5-ring technol-
ogy with Pt1000 (Metrohm, Switzerland), pH meter (Metrohm,
Switzerland), and combined Pt-ring electrode (Metrohm, Switzerland)
respectively and controlled with the Tiamo 2.3 software. Changes in
particle size distribution were determined using Focused Beam Reﬂec-
tance Measurement (FBRM) ParticleTrack G400 (Mettler Toledo, USA)
and ATR FTIR (Attenuate total reﬂectance Fourier transformed infra-
red spectroscopy) was measured with the ReactIR 15 with a DST Fiber
Conduit (Mettler Tolledo, USA) controlledwith the iC FBRM4.3 (Mettler
Tolledo, USA) and iC FTIR4.3 (Mettler Tolledo, USA) software respec-
tively. These software packages were also used for data analysis. Probes
were positioned as permanufacturer's instructions. The type of impeller
and impeller speed were optimized with a design of experiments study
(data not shown). Changes in particle size distribution is measured by
FBRM as chord length distributions. A chord length is deﬁned as the
length of the path of the laser across a particle. Complete dissolution
was deﬁned as standard deviation of FBRM counts b10 μm remaining
below twice the standard deviation at 40 min and 55 min for CHO210
and Feed210 respectively. Experiments were performed in triplicates.
2.9. Statistical analysis
All statistical analyses were performed using the Graphpad Prism
6.03 software (GraphPad Software, Inc., USA). The two tailed Mann-
Whitney test was used to determine signiﬁcant differences between
physicochemical characters. Amino acids and vitamins were analyzed
by a two way ANOVA with a Sidak's multiple comparison test. Cell
culture characteristics were compared by determining area under the
curve from viable cell density and speciﬁc productivity was determined
from the slope of titer vs integrated cell viability, corrected for changes
in culture volume during the process. Both of these factors were ana-
lyzed by two tailed Mann-Whitney tests. The ﬁrst derivative of the
FTIR dissolution proﬁle was also performed with the Graphpad Prism
Table 1
CCM powder and granule characteristics.
Water content Mean mass
loss (friability)
Mean pore diameter
% SD p value % SD [μm]
CHO210 Powder 1.98 0.33 N0.99 0.58 0.08 5.28
CHO210 Granules 1.97 0.32
Feed210 Powder 2.93 0.11 0.17 0.69 0.20 5.08
Feed210 Granules 2.78 0.13
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lyzed by RM two way ANOVA with Sidak's multiple comparison test.
Signiﬁcance was reported for p values below 0.05.
3. Results and discussion
3.1. Composition of compacted vs powdered CHO210 media and Feed210
CHO210 and Feed210 were milled to an average particle size of
10 μmwhereas compacted granules had average diameter in millime-
ters. Cumulative ﬁne residuals raised as dust in 300 s were analyzed
by aerosol spectrometry. A decrease in the dust raised of approximately
8.50 fold and 10.75 fold in the compacted form of CHO210 and Feed210
respectively (Fig 1). In the case of compacted media, this can be corre-
lated with the majority of the CCM particles being incorporated into
the compacted granules. The surface structure of compacted CCM
granules was observed to be rough and porous with mean pore diame-
ter of 5.28 μmand 5.08 μm for CHO210 and Feed210 respectively (Fig. 1,
Table 1). CHO210 and Feed210 show amean loss in mass due to friabil-
ity of 0.58% and 0.69% respectively indicating that these compacted CCM
are capable of enduring mechanical erosion that may be faced during
transport or handling (Table 1) [12]. The water content of CCM was
determined by Karl Fischer titration. The available water in CHO210
was determined to be 1.97 ± 0.33% and 2.85 ± 0.12% for Feed210 in
both granulated and powdered form (Table 1). Since no signiﬁcant
difference was determined, no alteration to the crystal structure of hy-
drates forms salts in the media can be assumed. This indicates that theFig. 1. Cumulative ﬁne residual analysis and scanning electron micrographs of CHO210 and F
Signiﬁcant difference detected for CHO210 (p = 0.0043) and Feed210 (p = 0.0022). (C, D) T
represent (i) 300 μm, (ii) 50 μm, (iii) 30 μm, and (iv) 5 μm in each corresponding image. Porepressure and resulting temperature used during roller compaction
does not signiﬁcantly alter CCM composition, in contrast to ﬂuid bed
granulationmethods,where components arewetted and redried, possi-
bly leading to leading to decomposition or change in the chemical iden-
tity of the ingredients [13].
Reconstituted powdered and compacted CCM did not signiﬁcantly
differ in color of solution. The color of solution of both of these forms
of cell culture media had a lightness value 68.01 ± 0.01 (p = 0.91) for
CHO210 and 68.01 ± 0.10 (p= 0.11) for Feed210 (Table 2). This possi-
bly indicates the absence of chemical reactions leading to colored by
products in the granulation of CHO210 and Feed210. No signiﬁcant dif-
ference on pH, osmolality, and turbidity of the solutions was observed
(Table 2).
The amino acid and vitamin composition of CCM formulations is
representative of major and minor and are integral to cell culture per-
formance. Since arginine, aspartic acid, asparagine, glutamine areeed210 (A, B) Cumulative ﬁne residual raised as dust analyzed by aerosol spectrometry.
he rough surface of compacted CHO210 (C) and Feed210 (D) was visualized by SEM. Bar
characteristics were determined by Hg-porosimetry (Table 2).
Table 2
Properties of reconstitutes powdered and compacted CCM.
pH Osmolality Turbidity Color
SD p value [mOsm/kg] SD p value [NTU] SD p value SD p value
CHO210 Powder 6.83 0.40 0.46 300.30 4.03 0.74 0.32 0.09 0.69 68.50 0.11 0.91
CHO210 Granules 6.81 0.22 299.00 2.94 0.34 0.08 68.52 0.09
Feed210 Powder 5.53 0.02 N0.99 621.50 13.40 0.63 0.79 0.10 0.37 60.10 0.10 0.11
Feed210 Granules 5.53 0.05 626.80 7.81 0.72 0.10 59.91 0.20
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alteration of ingredients during the compaction process [7–9,14]. No
signiﬁcant difference within and between (p N 0.05) recovered amino
acids or vitamins concentration of solutions of compacted CHO210 or
Feed210 was observed when compared with the concentrations recov-
ered from solution of their respective powdered form (Figs. S1, S2).
3.2. Cell culture characterization of compacted CCM
The intended use for CCM is the cultivation of cells for the production
of recombinant protein therapeutics. It is therefore essential that the
compaction process does not negatively impact growth or antibody pro-
duction. To study this potential effect, cells were cultivated in fed batch
using different combination of powdered and compacted CHO210 and
Feed210. No signiﬁcant differencewas detected in the viable cell density
(p=0.69) or the overall speciﬁc antibody productivity (p=0.49) of the
culture (Fig. 2). These results thus indicate that compaction of CHO210
andFeed210 does not impact its performance in cell culture, further sug-
gesting no change to media composition. Studies have been carried out
to investigate the inﬂuence of processing of CCM on cell culture [13,15,Fig. 2. Impact of Compaction onCell culture No signiﬁcant difference detected in the viable
cell density (A) (p N 0.05) or cell speciﬁc antibody productivity (B) (p N 0.05) of CHO cells
cultured in compacted cell culture media CHO210, supplemented with compacted cell
culture feed Feed210.16]. Granulation of cell culturemedia byﬂuid bed granulation did not in-
ﬂuence the expression of recombinant protein or virus titerwhen tested
with multiple cell lines [15]. Fluid bed granulation of cyclodextrin with
lipids was found to be an efﬁcient delivery method for cholesterol and
other fatty acids to cell lines sensitive to these ingredients [16]. Further
research is underway to evaluate roller compaction of individual ingre-
dients including lipids, to improve their availability to cultured cells.
3.3. Characterization of ﬂow properties of compacted CCM
To characterize the ﬂowability of powdered and compacted CCM,
the change in the density on packing expressed as the Carr index or
Hausner ratio is commonly used [17–19]. The Carr index and Hausner
ratio are expressed as (100(1− ρb/ρt)) and ρt/ρb respectively, where
ρb is the bulk density of the powder and ρt is the density of the powder
after tapping. The correlation of these indices with ﬂowability is based
on the assumption that powders with small change in density on pack-
ing would have lower inter-particle interaction and thus good ﬂow
properties (Table 3) [11,18,20]. Conversely, powders with large Carr
index are correlated with poor ﬂow properties (Table 3) [21]. Although
an indirectmeasure, thismethod has beenwidely adopted to character-
ize powder ﬂow properties. In addition, the recently developed tech-
nique of determination of the dynamic avalanche angle and the break
energy to characterize powder ﬂow by more direct methods have also
been applied here. [22,23]. Measurement of the dynamic avalanche
angle (angle of response) involves analysis of the angle at which the
powder ﬂowswhen rotated in a drumwith a constant angularmomen-
tum. The difference in the maximum potential energy of a powder
before it avalanches to its minimum energy level, for a speciﬁed mass
and volume, is deﬁned as break energy. For powders like CCM, break
energy offers insight into the inter-particle forces, such as capillary
forces, that may exist. Increase of inter-particle forces causes adhesion
of particle and decreases the ﬂowability of the powder. Powders that
are capable of ﬂowing freely have a smaller dynamic avalanche angle
and lower break energy values [24,25].
Compacted CHO210 media and Feed210 showed a signiﬁcant im-
provement of its ﬂow properties when compared with the correspond-
ing powdered form, with the Carr index decreasing approximately 2.2
fold for both CHO210 (p= 0.03) and Feed210 (p= 0.03). The dynamic
avalanche angle also decreased by an angle of 20° in both cases
(CHO210 p = 0.03, Feed210 p = 0.03) (Fig. 3). Compaction also de-
creases the break energy of the powder by 4.45 mJ (p = 0.03) for
CHO210 and 4.87 mJ (p = 0.03) for Feed210 (Fig. 3).
The improvement in ﬂow characteristics may be attributed to the
increase in the ‘free volume’ of the bulk material in the compacted
form in comparison to the powdered form [17]. The capability of forceTable 3
Reference characteristics of dry powder Media.
Flowability Carr
index
Hausner
ratio
Avalanche angle
[Degrees]
Break energy
[mJ]
Excellent 0–10 1.00–1.11 b45 b30
Good 10–15 1.11–1.18 45–55 30–31
Average 15–25 1.18–1.33 55–62.5 31–33
Non-satisfactory N25 N1.33 N62.5 N33
Fig. 3. Characteristics of powdered vs compacted CCM Signiﬁcant difference was detected for ﬂowability parameters on analysis of powdered and compacted CHO210 (A, C, E) and
Feed210 (B, D, F). Carr index [(A) CHO210, p = 0.0286; (B) Feed210, p = 0.0286] was measured by change in density. Dynamic avalanche angle [(C) CHO210, p = 0.0286; (D)
Feed210, p = 0.0286], and break energy [(E) CHO210, p = 0.0286; (F) Feed210, p = 0.0286] was measured by revolution powder analysis.
114 A. Salazar et al. / Powder Technology 301 (2016) 110–117of gravity acting on compacted CCM to overcome the inter-particle
forces, including capillary forces, is evidenced by the decrease in break
energy. Overcoming these inter-particle forces results in lowered inter-
particle adhesion and contributes to an improvement in ﬂowability
[11,20]. Lowered Hausner ratios, and therefore also lower Carr indexes
have been correlated to decreased cohesive forces, resulting in improved
ﬂow-ability [26]. Increase in particle size also improves ﬂow-ability, andTable 4
Experimentally determined dissolution parameters of powdered and compacted CCM.
Concentration in solution Surface area per gram Dissolu
[g/L] [m2/g] [mAU/s
CHO210 Powder 23.13 1.64a 2.00
CHO210 Granules 23.13 0.54b 3.00
Feed210 Powder 81.60 1.51a 6.00
Feed210 Granules 81.60 0.70b 3.50
a Determined by laser diffraction analysis.
b Determined by Hg-porosimetry.results lowered Hausner ratios [24]. However, increase of particle size to
improve powder ﬂow characteristics for complexmixtures such as DPM
compromises homogeneity, risks demixing over time [27] and negative-
ly impacts dissolution [28]. Compaction overcomes this by creating gran-
ules of larger particle size made up of homogeneously blended CCM,
thereby increasing the particle size, improving ﬂow character, without
the risk of demixing.tion rate at 0.5 min Mean dissolution time Experimental fold improvement
dissolution time
] [s] (Granules/Powder)
1824 0.99
1838
2816 8.00
352
115A. Salazar et al. / Powder Technology 301 (2016) 110–1173.4. Solvent accessible surface area and mechanism of dissolution
FTIR spectroscopy in conjugation with FBRM was used as an in situ
temporal analysis of the dissolution process of CCM and the corre-
sponding changes in particle distribution describing changes that
occur in the liquid phase as well as the solid phase [29–31]. Conductiv-
ity and pHwere alsomeasured online. Peak selection was crucial to the
analysis of FTIR spectra. The last peak reaching equilibrium was associ-
ated with to the slowest dissolving component identiﬁed at 1355 cm−1
and 1081 cm−1 for CHO210 and Feed210 respectively. These peaks can
be associated with a number of biomolecules, including carbohydrates
and cannot be ascribed to a single component [32]. Other dissolution
parameters are listed in Table 4.
In the dissolution of CCM, pH reaches a steady state within the ﬁrst
few seconds after addition of the solid, credited to the inherent buffer-
ing capacity of some components of CCM including the amino acids. It
is also to be noted that conductivity appears to plateau before the
complete dissolution of CCM, in cases of both CHO210 and Feed210
(Figs. S3–S6). Thus, conductivity was not used in the further analysis
of dissolution kinetics of CCM.
The dissolution of a solid was described by Noyes andWhitney, and
later modiﬁed by Nernst–Brunner and is described with the following
equation [33]:
dC
dt
¼ D
Vh
SC Cs−Ctð Þ ð1Þ
where dC/dt is the dissolution rate, D is the diffusion coefﬁcient of the
solute, h the thickness of the diffusion boundary layer, V is the volume
of the dissolution medium, Sc is the surface area of the undissolved
solid in contact with solvent, Cs is the concentration of the solute re-
quired to saturate the solvent, and Ct is the concentration of the solute
in the bulk medium at time t.
For early time points in the dissolution process, Cs≫ Ct. The equation
is thus be simpliﬁed to:
dC
dt
¼ D
Vh
SCCs ð2Þ
For a substance dissolving in a constant volume, the maximum
achievable dissolution rate is limited by the surface area available
since all other factors are constants and can be represented by the
following equation.
dC
dt
 
max
¼ D
Vh
SCð ÞmaxCs ð3Þ
For compacted CCM, the rate of dissolution will be dependent on
the surface area available to dissolution which can be assumed equal
to the solvent exposed surface area. Therefore for granules withTable 5
Calculated dissolution parameters of powdered and compacted CCM.
Condition Theoretical maximal available SAa Calculated available SAa
[m2] [m2]
CHO210 Powder 37.93 8.26
CHO210 Granules 37.93 12.49b
Feed210 Powder 123.22 9.79
Feed210 Granules 123.22 57.12b
a SA: Surface area.
b Calculated from values from Table 4.surface area available to dissolution, (Sc)G, the rate of granulate dissolu-
tion, [dC/dt]G, is represented by the equation:
dC
dt
 
G
¼ D
Vh
SCð ÞGCs ð4Þ
The ratio ofmaximumdissolution rate of a cell culturemedia powder
to the rate of dissolution of CCM granules is thus be represented as:
dC=dt½ max
dC=dt½ G
¼ SCð Þmax
SCð ÞG
ð5Þ
The maximum theoretical achievable surface area, (Sc)max, for the
dissolution of CCM powder would imply solvent access to the complete
surface area of every component particle. This has been determined to
be 37.93 m2 and 123.22 m2 for CHO210 and Feed210 respectively by
multiplying the surface area per gram of the particles with the mass in
grams of the CCM used for dissolution (Tables 4, 5). Similarly, for
CHO210 and Feed210 granules, the total exposed surface area was
calculated to 12.40 m2 and 57.11 m2 by the multiplication of the speciﬁc
surface area of the granules to the mass used (Tables 4, 5). By taking the
ﬁrst derivative of the dissolution curve, the dissolution rate of compacted
media was 3.0 mAU/s and 3.5 mAU/s for CHO210 and Feed210 respec-
tively at 0.5 min (Fig. 4, Table 4). Substituting these values in Eq. .(5)
the maximum theoretical dissolution rate, [dC/dt]max, of CHO210 and
Feed210 is 9.0 mAU/s and 7.6 mAU/s respectively.
As for granules, the dissolution of CCMpowders is limited by the sur-
face area of the powder exposed to the solvent (Sc)P. and the actual rate
of dissolution of the powder [dC/dt]p is be represented as:
dC
dt
 
P
¼ D
Vh
SCð ÞPCs ð6Þ
The differential quotient of theoretical maximum dissolution rate of
a cell culture media powder to the actual dissolution rate of a powder
can thus be represented as:
dC=dt½ max
dC=dt½ P
¼ SCð Þmax
SCð ÞP
ð7Þ
Since the rate of dissolution of powdered CCM is known, the avail-
able surface area is calculated by substituting the calculated (Sc)max
value and themaximum theoretical dissolution rate, [dC/dt]max, obtain-
ed from Eq. .(5) in Eq.. (7). Thus, the surface area available to dissolution
is determined to be 8.26 m2 for CHO210 powder and 9.79 m2 for
Feed210 powder (Table 5). In the compacted form the surface area
available to dissolution increases 1.50 fold for CHO210 and 5.83 fold
for Feed210.
The increase in available surface area is attributed to differences in
mechanism of dissolution evaluated by FBRM. For CHO210, signiﬁcant
increase in total particle chord length distribution 0.5 min post addition
of the powder indicates the formation of clumps of the powder as soon
as itmeets the aqueous solvent (p=0.0014) (Fig. 4). The concentrationFold difference in SAa to theoretical Calculated fold change improvement
with granules
(Theoretical/Condition) (Powder/Granules)
4.59 1.51
3.04
12.59 5.83
2.16
Fig. 4.Dissolution kinetics of powdered and compacted CCMChanges in particle chord length distributionmeasuredby FBRM (A, C) anddissolution kinetics analyzed by FTIR spectroscopy
(B, D) of CHO210 media and Feed 210. For CHO210, (A) a signiﬁcant difference is detected in total particle counts at 0.5 min. For Feed210, (C) a signiﬁcant difference is detected in total
particle counts as well as particle counts b10 μm up to 20 min post addition to the solvent (water).
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only with the addition of NaHCO3·This nulliﬁes the advantage of
increased solvent accessible surface with granules (Tables 4, 5). In the
case of Feed210, a signiﬁcant difference is observed in chord length distri-
butions at 0.5 min and 20 min post addition of the powder for both,
counts b10 μm and total counts (p b 0.0001). The difference at 0.5 min
could indicate formation of clumps during the dissolution of powders
as also seen in the case of CHO210. The observed disintegration of
compacted Feed210 granules into particles b10 μm would further in-
crease the surface area available to dissolution thus increasing the disso-
lution rate (Figs.4, S6, Tables 4, 5). Since CHO210 and Feed210 differ in
composition and concentration they cannot be directly compared.
Finally, the compaction of CCM allows the constituent components
to be surrounded by the aqueous solvent. The limitation of the surface
area available for dissolution that is seen in the case of powders that
ﬂoat on the solvent surface is overcome. The presence of pores on
rough surfaces of compacted CCM granules further increases the area
over which dissolution occurs. Studies have shown that dissolution of
granules is dependent on diffusion, convection, and composition but
granules of complex mixtures like CCM have not been evaluated [34–
38]. Studies of multi component mixtures have established that pres-
ence of components in granulates, with large difference in solubility
causes concentration dependent ﬂaking [39]. This could also occur in
CCM granules, since the solubility of components like glucose andNaCl is N10 fold higher than other components such as L-leu at near
neutral pH. This, in combination with the worm holing effect caused
due to the presence of pores in the granulate surface, particularly in
the case of Feed210, could be an explanation for the accelerated dissolu-
tion of compacted CCM in addition to the increase in solvent accessible
surface area (Tables 4, 5) [34].
4. Conclusion
For its use in bioprocesses, DPMneed to be solubilized and sterilized.
This is usually done by its dissolution in a mixing vessel and then ﬁlter-
ing the solution through a 0.2 μm ﬁlter. Rapidly dissolving DPM is
desired to retain the integrity of the formulation by dissolving all ingre-
dients before ﬁltration. This process is time critical to avoid themultipli-
cation of bacteria in the mixing vessel. Roller compaction was found to
be a suitable method to generate rapidly dissolving compacted CCM
granules. This method does not involve additives to the formulation,
harsh treatment, non-organic solvents, or alteration of the media com-
position by the compaction process. The decrease in dust in the use of
compacted CCM provides safety to the workforce and advantages in a
GMP environment [40,41]. The cell culture performance is also unaffect-
ed with no impact on CHO cell growth and no decrease in titer. The
dissolution of CCM granules was examined and can be attributed to a
combination of factors. Compaction of CCM powder allows for the
117A. Salazar et al. / Powder Technology 301 (2016) 110–117increase of particle size without compromising homogeneity. CCM
granules also are capable of overcoming inter-particle forces such as
capillary forces that cause the adhesion of powder particles. Due to
the rough surface of these granules, and the pores that they contain,
the surface area available to dissolution increases. The dissolution kinet-
ics are further enhanced by increase in surface area available due to dis-
integration and dispersion of the granules due to solvent worm holing
into the surface pores of the granules and ﬂaking effects due to the
multi-component nature of these granules with components with
large differences in solubility [34,39].
The characterization of CCM granules and their dissolution allows
for a better understanding of the dissolution of powders. From the dis-
solution of characterized CCMgranules, the surface area available to dis-
solution of CCM powder can be calculated. The use of granulated CCM
increases the available surface to dissolution bringing it closer to the
maximum theoretical value. The beneﬁt of this increased surface area
is more pronounced for cell culture feeds compared to CCM due to the
composition and concentration of ingredients. Further studies are re-
quired to better understand themechanisms involved in the dissolution
ofmulticomponentmixtures in powdered and granulated form. Investi-
gation of the chemical nature of individual components and their inter-
actions in dynamic systems will help better understand and improve
the physicochemical properties of cell culturemedia andwould also im-
pact various ﬁeld of research including, drug dissolution, formulation
and delivery, powder sciences, and biotechnology.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.powtec.2016.05.065.
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